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Abstract 
In the present paper, the earthquake occurrences in the area of Japan, are studied by 
a semi Markov model which is considered homogeneous in time. The data applied 
refer to earthquakes of large magnitude (Mw>6.0) during the period 1900-2012. We 
consider 9 seismic zones derived from the typical 11 zones for the area of Japan, due 
to the lack of data for 3 zones (9-th,10-th and 11-th). Also, we define 3 groups for the 
magnitudes, corresponding to 6-7,7.1-8 and  M> 8.0. Thus, we consider for our semi 
Markov model a finite state space, S={ ( , )jiZ R | i=1,...9, j=1,2,3}, where iZ  defines 
the i-th seismic zone and 
jR  states the j-th magnitude scale. We applied the data to 
describe the interval transition probabilities for the states and the model's limiting 
behaviour for which is sufficient an interval of time of seven years. The time unit of 
the model is considered to be one day. Some interesting results, concerning the 
interval transition probabilities and the limiting state vector, are derived. 
Keywords: semi-Markov model, earthquake occurrences, transition probabilities, 
limiting behaviour, Japan. 
Περίληψη 
Στην παρούσα εργασία, μελετάται η σεισμικότητα στην περιοχή της Ιαπωνίας με τη 
χρήση Ημιμαρκοβιανού μοντέλου για το οποίο υποθέτουμε ομογένεια ως προς τον 
χρόνο. Τα δεδομένα που χρησιμοποιήθηκαν, αφορούν μεγέθη ισχυρών σεισμών 
(Mw>6.0) για το χρονικό διάστημα 1900 - 2012. Ως χώρο καταστάσεων, θεωρήσαμε το 
καρτεσιανό γινόμενο των 11 ζωνών iZ  στις οποίες χωρίζεται η Ιαπωνία, επί τις 3 
τάξεις μεγέθους 1R , 2R , 3R  που αντιστοιχούν σε μεγέθη 6-7,7.1-8 and  M> 8.0 
αντίστοιχα. Λόγω του μικρού πλήθους δεδομένων στις ζώνες 9,10 και 11, έγινε 
σύμπτυξη σε μία ζώνη, την οποία συμβολίζουμε ως 9Z . Σύμφωνα με αυτήν τη 
μοντελοποίηση περιγράφονται οι πιθανότητες μετάβασης ανάμεσα στα ζεύγη ( , )jiZ R  
i=1,...9, j=1,2,3, οι πιθανότητες μετάβασης σε διάστημα, και οι οριακές πιθανότητες. 
Τέλος, σχολιάζονται κάποια ενδιαφέροντα αριθμητικά αποτελέσματα. Το μήκος του 
χρονικού διαστήματος που έχει υπολογιστεί, φτάνει το μέγιστο τα 7 χρόνια το οποίο 
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είναι αρκετό για να φτάσει το σύστημα στην οριακή του κατάσταση. Η χρονικη μονάδα 
στους υπολογισμούς ορίστηκε να είναι η μία μέρα. 
Λέξεις κλειδιά: ημιμαρκοβιανό μοντέλο, γένεση σεισμού, πιθανότητα μετάβασης, 
Ιαπωνία, οριακή συμπεριφορά. 
1. Introduction 
Stochastic modeling is often applied for the study of earthquake occurrences. In literature, results 
on Markov and semi Markov modeling for the earthquake occurrences are presented in Vere-Jones 
(1966) and Knopoff (1971) where a continuous-time and continuous-state Markov process is applied 
to describe aftershock sequences as well as sequences of main shocks followed by aftershocks, 
respectively. Also, Lomnitz-Adler (1983) used a simulation of a Markov model to achieve a 
simplified representation of the spatial distribution of earthquakes on adjacent faults. Tsapanos and 
Papadopoulou (1999) applied a discrete Markov model for earthquake occurrences in southern 
Alaska and Aleutian islands. A prognostic process through a Markov model is described for an 
earthquake of Mw=8.3 in South America by Tsapanos (2001). Seismic hazard evaluation in the Japan 
area using Markov chains was studied by Nava et al. (2005). Karagrigoriou et al. (2015) made an 
attempt to describe zoning data as data of a multi-state system through Markov model and examine 
earthquake occurrence by assessing intensity rates and transition probabilities in seismic zones of 
South America. Spatio-temporal complex Markov chain used by Cavers and Vasudevan (2015) in 
global earthquake sequences and analyze the statistics of the transition probabilities linked to 
earthquake zones. A hidden semi Markov model is applied to reveal some key features of the 
earthquake generation process by Votsi et al. (2014). 
In the present paper a semi Markov model is applied to data, referring to earthquake occurrences in 
the area of Japan through the time period 1900-2012. The data are of high magnitudes (Mw>6.0) in 
the 11 zones of the area of Japan which are shortened to 9 due to the lack of data for the zones 9, 10 
and 11. We define three groups for the magnitudes i.e. 1R :6-7R, 2R :7-8R and 3R :8R and over. 
Considering the above definitions we can define a double state space, S={ ( , )jiZ R | i=1,...9, 
j=1,2,3}, where iZ  defines the i-th seismic zone and  jR  states the j-th magnitude scale. The time 
unit of the model is defined to be one day and the transition probabilities between the states are 
supposed to be homogeneous in time. The implementation of the previous referred data produced 
interesting numerical results for the interval transition probabilities and the limiting state 
probabilities. A time period of seven years is sufficient for the model to achieve its limiting 
behaviour. 
2. The data 
The earthquakes occurred in Japan and its vicinity area extracted from NEIC catalogue. The time 
span is 113 years, starting from 1900 to 2012. Only large earthquakes having magnitudes Mw >6.0 
are considered for the purpose of the present study. The earthquake magnitudes of the catalogue 
used are not provided in a unique scale. Local magnitudes, body wave magnitudes, etc. are listed. 
For this reason and because there is a need for a unique magnitude scale, we converted all 
magnitudes in moment magnitude scale Mw, using for this purpose the empirical relationships 
(Scordilis 2006) by considering data from the whole earth. So, our sample is constituted of 276 
events with magnitudes Mw >6.0. Only main shocks are processed and for this scope we used a 
method introduced by Musson et al. (2002). The data of the present study are restricted to the shallow 
(h<60 Km) events only (Shcherbakov et al., 2013). The whole examined area is divided to 9 zones 
(states) following the separation made by Musson et al. (2002). Some slight modifications were 
made to these zones for the scope of this study. Specifically, zones 9, 10 and 11 are considered as 
one, named zone 9 (Fig. 1). 
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3. Tectonic environment and seismicity of Japan 
The tectonic environment of Japan and its vicinity is depicted in Figure (2). Many great interplate 
earthquakes with Mw>8.0 have occurred and it is obvious that a strong coupling on the plate 
boundary exists (Kanamori, 1977). Ito et al. (1999, 2000) applied an inversion analysis of GPS in 
order to find the spatial distribution of the interplate coupling in northwest and southeast Japan. 
Great earthquakes have occurred repeatedly along the Nankai trough with recurrence time ranged 
between 90 and 150 years (Thatcher, 1984). 
 
Figure 1 - The seismic zones considered for Japan. Inland zones 9, 10 and 11 are modified as 
one single zone. 
The most characteristic shocks were the ones which occurred in Nankai during 1944 with Mw=7.8, 
while the other one generated in its vicinity in 1946 having a magnitude Mw=8.0. It is believed that 
these two events released accumulated stress in association with the subduction of the Philippine 
plate. A giant earthquake of magnitude Mw=9.0 occurred to Japan Trench on 11 of March 2011. 
Coulomb stress studied by Sato et al. (2012), defines that changes for normal fault aftershock near 
the Japan Trench, showed a strong association with the slip on the shallow portion of faults. 
Most of the large shallow earthquakes in Japan along the plate boundaries (inteplate seismicity) 
show in general low-angle thrust mechanisms resulting from the subduction process and all of them 
are generated on the land part of the trench (Ando, 1975). 
Matsuda (1981) divided Japan into 12 seismogenic sources based on seismotectonics and 
geomorphological criteria. The same author (Matsuda 1990) separated by fault the area into 11 
seismic zones, relying on seismic activity. Wesnousky (1984) integrated geological and 
seismological data to determine probabilistic seismic zoning in Japan. Papazachos et al. (1994) 
divided the broader area of Japan into seismogenic sources, somehow different from those of 
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Matsuda, for prediction purposes. A different approach for seismic zoning in Japan, is published by 
Karakaisis (2000) which is based on regional time predictable seismicity model. 
 
Figure 2 - The tectonic regime of Japan and its surrounding area (after eartjay.com). 
4. The semi Markov model 
A semi Markov model, is defined by the following basic parameters: the state space, the embedded
 Markov chain and  the sequence of matrices of the holding time distributions for every state. Thus,
 in our model we have the following: 
 The state space, is finite and discrete and is defined as S={ ( , )jiZ R | 𝑖=1,...9,  𝑗=1,2,3} 
where 𝑍9 is the union of zones 9,10 and 11.  
 The embedded Markov chain is defined by the matrix  𝑷 ∈ 𝑀27×27(ℝ), with elements the 
transition probabilities between the states i.e. 𝑷 = {𝑝𝑖𝑗} 𝑖, 𝑗 ∈ 𝑆  where 𝑝𝑖𝑗 are estimated by 
the relative frequencies  
𝑛𝑖𝑗
𝑛𝑖
, ∀𝑖, 𝑗 ∈ 𝑆, 𝑛𝑖𝑗 defines the frequency of earthquake occurrences 
to state 𝑗 given that the previous earthquake occurred in state 𝑖 and 𝑛𝑖 is the frequency of 
earthquake occurrences in state 𝑖. 
 The sequence of matrices of the holding time distributions is defined by {𝑯(𝑚)}𝑚=1
∞  where 
𝑯(𝑚) = {ℎ𝑖𝑗(m)}𝑚=1
∞  𝑖, 𝑗 ∈ 𝑆, and ℎ𝑖𝑗(m) =
𝑛𝑖𝑗(𝑚)
𝑛𝑖𝑗
, 𝑖, 𝑗 ∈ 𝑺. 𝑛𝑖𝑗(𝑚) defines the frequency 
of earthquake occurrences to state 𝑗 given that the previous earthquake occurred in state 𝑖 
with holding time equal to 𝑚 and 𝑛𝑖𝑗 defines the frequency of earthquake occurrences to 
state 𝑗 given that the previous earthquake occurred in state 𝑖. 
Remark: From the data, we get that the frequencies for the states (Z4, R3), (Z7, R3), (Z8, R3), (Z9, R3) 
are equal to zero so the corresponding elements of the matrices 𝐏,𝐇(m), 𝐐(m) are removed. Matrix 
𝐏 is given below: 
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Table 1 - Matrix 𝐏 of the transition probabilities for the states, S={ ( , )jiZ R | 𝒊=1,...9, 
 𝒋=1,2,3}. 
 
There are some transition probabilities equal to 1: (Z1,R3)--> (Z2,R1), (Z5,R3)--> (Z8,R2) and (Z6
,R3)--> (Z1,R2), and a remarkable transition probability 62,5%  for the transition: (Z7,R1)--> (Z5,
R1). (Probabilities equal to 1, are questionable, because these states occurred only one time each). 
Now let 𝑸(𝑛) ∈ 𝑀23𝑋23(ℝ) the matrix with elements the interval transition probabilities 𝑞𝑖𝑗(𝑛). 
Then 
𝑸(𝑛) = ( )W n

+ ∑ 𝑪(𝑚)𝑛𝑚=1 ⋅ 𝑸(𝑛 − 𝑚) (Howard, (1971)) where 𝑪(𝑚) is the core matrix for 
the semi Markov model (𝑪(𝑛) ∋ 𝑐𝑖𝑗(𝑛) = 𝑝𝑖𝑗 ⋅ ℎ𝑖𝑗(𝑛) ,  𝑖, 𝑗 ∈ 𝑆 ,𝑛 ∈ {1,2, … } ) and ( )W
   is a 
diagonal matrix with elements equal to the survival probabilities for the holding times. 
5. Application 
Concerning following results, we have to mention that were produced by code developed in 
R(Ver3.1.3). 
Indicatively, for n=2500, the matrix 𝑸(2500), is given in Table 2:  
Table 2 - Matrix 𝑸(𝟐𝟓𝟎𝟎) of the interval transition probabilities, S={ ( , )jiZ R | 𝒊=1,...9, 
 𝒋=1,2,3}. 
 
 
As we see, this matrix is almost stable, so the system has limiting behavior in about 2500 days (≈6.8 
years).  
 
 
 
 
As we can see, matrix 𝑸(2500) is stable, so the system achieves its limiting behavior in about 2500 
days (6.8 years). The next plot confirms the above: 
http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 10/01/2020 22:12:40 |
1540 
 
 
Figure 3 - A plot for 𝒎𝝐{𝟏, 𝟐, … , 𝟐𝟓𝟎𝟎} of 𝒒𝒊𝒋(𝒎), ∀ 𝒊, 𝒋 ∈ 𝑺.  
If we arrange all the earthquake occurrences from 1900 until 2012 in ascending chronological 
order and if we define as 𝑋𝑖 the moving average of the holding times with order 11 then, 𝑋𝑖 =
𝐸( {𝜏𝑘 }
10
10
k i
k i
 
 
), 𝑖 ∈ {11,… ,265}  where 𝐸 is the mean operator. The plot of  𝑋𝑖  is given below: 
 
Figure 4 - Plot of 𝑿𝒊 = 𝑬( {𝜏𝑘}
10
10
k i
k i
 
 
). 
The boundary lines indicate the time interval where the mean holding time before the next 
earthquake is 48.3 days. Before and after the bounded area, the mean holding times are 215.16 and 
133 days correspondingly. The earthquakes in the above mentioned interval occurred from 
20/10/1954 until 01/06/1964. The frequencies of the zone occurrences are described below in Fig.5 
 
Figure 5 - Zone frequencies for the period 20/10/1954 until 01/06/1964. 
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In what follows (Fig. 6) the plot of the survival probabilities  iw n

∀𝑛𝜖{1,2, … ,2500} is given. 
 
Figure 6 - Plot of the survival probabilities. 
6. Conclusions 
In the present paper a homogeneous semi Markov model is applied to data, referring to earthquake 
occurrences in the area of Japan through the time period 1900-2012. In the model a double state 
space, S={ ( , )jiZ R | i=1,...9, j=1,2,3}, where iZ  defines the i-th seismic zone and jR  states the j-
th magnitude scale, is defined while the time unit of the model is one day. The maximum elements 
of 𝐏, are corresponding to the transitions: (Z1,R3)--> (Z2,R1), (Z5,R3)--> (Z8,R2), (Z6,R3)--> (Z1
,R2) and (Z7,R1)--> (Z5,R1). The first three transition probabilities are equal to 1 and the fourth on
e is equal to 0.625. The implementation of the previous referred data produced interesting numerical 
results for the interval transition probabilities and the limiting state probabilities which were 
achieved within seven years. Limiting state probabilities for every state, is given by the limiting 
vector π, where π=[0.061, 0.031, 0.081, 0.036, 0.087, 0.040, 0.025, 0.116, 0.018, 0.055, 0.026, 
0.149, 0.023, 0.031, 0.003, 0.018, 0.032, 0.116, 0.004, 0.011, 0.032, 0.000, 0.002, 0.003, 0.000, 
0.000, 0.000]. The limiting probabilities for the states were low, as it was expected due to the 
definition of the state space. The maximum limiting probability for earthquake occurrence of large 
magnitude i.e. over 7.0 is 0.22. An interesting remark resulted from calculating the moving average 
(Fig.4), is the indication of a time interval, in which earthquake occurrences are about 3 times more 
often than the rest. The mean holding time before the next earthquake, from 20/10/1954 until 
01/06/1964, is 48.3 days, compared to the mean holding time from all data which is 148 days. 
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